INTRODUCTION
============

Microalgae are utilized for the production of several fine chemicals which are either unique to the algae or found at relatively high concentration and command a high market value. In this respect *Spirulina* is one of the most promising micro-alga. *Spirulina* is one of the economically important cyanobacterial genus due to its industrial production of proteins, P-carotene, vitamins (especially B12), phycocyanin and y-1inolenic acid ([@b6]), and has now become the most well-known and the most broadly cultivated species of both cyanobacteria and other algae in the world ([@b24]).

*Spirulina* is attracting commercial conglomerates as a source of various nutraceuticals, biomass and pigments ([@b5], [@b16]). Among various nutraceuticals, pigments attain growing commercial importance due to their high end applications and easy extraction procedures. Algal cultures are influenced by a variety of environmental factors and they play a significant role in the production and composition of the photosynthetic pigments.

In order to produce high biopigments containing biomass, much attention must be paid to culture status. Large-scale production of *Spirulina* biomass depends on many factors, the most important of which are nutrient availability, temperature and light ([@b3]). There have been several reports relating to the effect of various environmental conditions which influence the growth of *Spirulina* and the composition of the biomass produced by causing changes in metabolism ([@b14], [@b23]).

The objective of the present investigation is to evaluate the influence of different environmental factors i.e. temperature and illumination on the growth and biopigments of *Spirulina platensis* to optimize the culture condition for its large scale production*.*

MATERIALS AND METHODS
=====================

Microorganism and Culture condition
-----------------------------------

The unialgal culture of cyanobacterium *S.platensis* (Jal mahal, Jaipur isolate) was grown axenically in batch culture of Zarrouk's media ([@b26]). In order to find out the best culture condition for growth and biopigment accumulation in *S.platensis*, *in vitro* experiments were carried out. The culture was grown with photoperiod of 12 hours light/dark provided by white fluorescent lamps at a light intensity of 2,500 lux and temperature of 25 ± 2°C. Influence of the environmental conditions was studied by varying temperature and light intensity in stepwise individual experiments. Varying light intensities i.e. 500 lux to 4,000 lux were provided by adjusting the light with the help of Lux meter (Lutron LX-101A).

Cultivation
-----------

For the cultivation of *S.platensis* four days old prepared inoculum of unialgal culture was added to three sets of 500 ml conical flasks containing 250 ml sterilized Zarrouk's medium. To observe the influence of temperature on growth and pigment accumulation, the cultures of *S.platensis* were grown at different temperatures i.e. 20°C to 45°C (at 5°C interval) at 2,500 lux light intensity. Similarly, the growth of *S.platensis* was also tested under different light intensities i.e. 500 lux to 4,000 lux (at an interval of 500 lux) at temperature of 25 ± 2°C. During the process of growth, the cultures were shaken thrice a day to avoid clumping and accelerate the growth process.

Analytical methods
------------------

Growth was followed through dry weight, optical density and growth rate. Optical density (OD) was recorded with the help of photo-colorimeter at 670 nm and Spectrophotometer was used for pigment estimation*.* The chlorophyll a content was estimated by Parson and Strickland ([@b15]) method, Carotenoids by Jensen ([@b9]), and Bennett and Bogorad's ([@b2]) method was used for phycobiliprotein quantitation. Cultures were analyzed for their growth and pigment contents every 5^th^ day.

Statistical analysis
--------------------

Results of the analyses were compared by one way analysis of variance (ANOVA). The significance between pairs of variable means were analysed using least significant difference (LSD) test at 5 % level of significance ([@b7]).

RESULTS
=======

Biomass productivity
--------------------

Biomass productivity of *S.platensis* was evaluated at various temperatures and light intensities for a period of 25 days. Growth analysis of cultures grown at different temperatures showed significant difference (P \< 0.05) in growth pattern. Maximum biomass concentration (as dry weight) i.e. 0.73 g.L^-1^ was observed at temperature 35°C and least i.e. 0.26 g.L^-1^ was found at temperature 20°C ([Fig. 1](#fig1){ref-type="fig"}). During the growth of cultures, a wide range of temperature tolerance from 20°C to 40°C was observed. But at 45°C, the growth was almost negligible (data not recorded). The maximum growth rate i.e. 0.091 doubling day^-1^ was observed at 35°C, but with further increase in temperature reduction in growth rate was observed. At 40°C culture showed 0.041 doubling day^-1^ which is almost half as compared to growth rate at 35°C ([Fig. 2](#fig2){ref-type="fig"}).

![Effect of various temperatures on biomass concentration of *S.platensis.* Values are means ± SD (n = 3). Variable means with the same letter are not significantly different (p \> 0.05).](bjm-42-1128-g001){#fig1}

![Effect of different temperatures on growth rate (doubling day^-1^) of *S.platensis.*](bjm-42-1128-g002){#fig2}

At different experimental irradiances, 2,000 lux was found to be the optimum light intensity for biomass production. Highest biomass (0.71 g.L^-1^), optical density (0.42) and growth rate (0.094 doubling day^-1^) was found at 2,000 lux light intensity but with further increase in light intensity, reduction in growth rate was observed ([Fig. 3](#fig3){ref-type="fig"}, [4](#fig4){ref-type="fig"}, [5](#fig5){ref-type="fig"}).

![Effect of different light intensities on biomass concentration (dry weight g.L^-1^) of *S.platensis.* Values are means ± SD (n = 3). Variable means with the same letter are not significantly different (p \> 0.05).](bjm-42-1128-g003){#fig3}

![Effect of different light intensities on growth (OD~670~) of *S.platensis.* Values are means ± SD (n = 3). Variable means with the same letter are not significantly different (p \> 0.05).](bjm-42-1128-g004){#fig4}

![Effect of different lightintensities on growth rate (doublingday ^-1^) of *S.platensis.*](bjm-42-1128-g005){#fig5}

Effect of temperature and light intensity on biopigments of *S.platensis*
-------------------------------------------------------------------------

**Biopigment accumulation at different temperatures**: After every 5^th^ day, known amount of cell mass was harvested and analyzed for its pigment contents. At different experimental temperatures up to 35 °C pigment content gradually increased but with further increase in temperature reduction in pigments was observed. Cultures grown at 35 °C showed the highest chlorophyll a and carotenoid accumulation i.e. 1.54 % and 0.27 % (of dry weight) respectively (Fig.6). Phycobiliproteins (PBP) were also found maximum in cultures grown at 35 ^°^C i.e. 7.73 % phycocyanin (PC), 3.46 % allophycocyanin (APC) and 1.798 % phycoerythrin (PE) and minimum was observed at 20 ^°^C (5.39 % PC, 2.59 % APC and 0.639 % PE). But the PBP accumulation (except PE) did not show any significant difference (P \> 0.05) at temperatures 30 ^°^C and 35 ^°^C ([Table 1](#table1){ref-type="table"}).

###### 

Effect of different temperatures and light Intensities on pigment composition of S.platensis. Values are means ± Standard deviation (n = 3). For each individual experiment variable means with the same letter are not significantly different (p \> 0.05). PC -- Phycocyanin, APC -- Allophycocyanin, PE -- Phycoerythrin, Chl. a -- Chlorophyll a, Cart -- Carotenoid.

  Temperature           PC                 APC               PE                 Cart/Chl. a   PC/ Chl. a
  --------------------- ------------------ ----------------- ------------------ ------------- ------------
  20 C                  5.39 ± 0.26^a^     2.59 ± 0.11^a^    0.639 ± 0.014^a^   0.152         4.991
  25 °C                 6.61 ± 0.36^b^     3.07 ± 0.11^b^    1.193 ± 0.010^b^   0.166         5.008
  30 °C                 7.34 ± 0.21^c^     3.32 ± 0.13^c^    1.582 ± 0.013^c^   0.171         5.027
  35 °C                 7.73 ± 0.52^c^     3.46 ± 0.15^c^    1.798 ± 0.017^d^   0.175         5.019
  40 °C                 5.59 ± 0.26^a^     2*.*7 ± 0.14^a^   0.86 ± 0.015^e^    0.149         4.904
  **Light Intensity**                                                                         
  500 lux               6.125 ± 0.32^a^    2.88 ± 0.15^a^    0.972 ± 0.006^a^   0.158         4.940
  1,000 lux             6.53 ± 0.35^a^     3.02 ± 0.12^a^    1.126 ± 0.015^b^   0.163         5.023
  1,500 lux             7.05 ± 0.3^b^      3.22 ± 0.09^b^    1.436 ± 0.012^c^   0.169         5.000
  2,000 lux             7.65 ± 0.35^c^     3.4 ± 0.15^b^     1.7 ± 0.035^d^     0.174         5.100
  2,500 lux             7.255 ± 0.32^bc^   3.29 ± 0.13^b^    1.52 ± 0.051^e^    0.177         5.003
  3,000 lux             6.1 ± 0.35^a^      2.83 ± 0.11^a^    0.959 ± 0.017^a^   0.178         4.959
  3,500 lux             5.38 ± 0.42^d^     2.58 ± 0.19^c^    0.63 ± 0.016^f^    0.181         4.981

Biopigment accumulation at different light intensities
------------------------------------------------------

Among various light irradiances tested, 2,000 lux light intensity was found optimum for pigment accumulation. The yield of chlorophyll a was maximum i.e. 1.5 % at 2,000 lux light intensity ([Fig. 6](#fig6){ref-type="fig"}). But carotenoid/chlorophyll value (0.181) was found maximum at 3,500 lux. There was an improvement in total carotenoid by increasing light irradiance level ([Table 1](#table1){ref-type="table"}). Maximum PBP accumulation was found at 2,000 lux light intensity, but increase in light irradiance showed reduction in PBP production. Cultures receiving 2,000 lux had 7.65 % PC, 3.4 % APC and 1.7 % PE and significantly (P \< 0.05) least PBP (i.e. 5.38 % PC, 2.58 % APC and 0.63 % PE) was found in cultures irradiated with 3,500 lux light intensity. At 2,000 and 2,500 lux light intensity no significant difference observed for PC and APC accumulation, but 2,500 lux showed the significant reduction in PE, so 2,000 lux was found optimum light intensity for PBP accumulation ([Table 1](#table1){ref-type="table"}).

![Effect of different temperatures and light intensities on pigments of *S.platensis.* Values are means ± SD (n = 3). Chl. a -- Chlorophyll a, Cart -- Carotenoid.](bjm-42-1128-g006){#fig6}

DISCUSSION
==========

Growth analysis of cultures grown at different temperatures showed different growth patterns. Maximum growth rate and biomass concentration were observed in cultures receiving 35°C temperature. Growth curve of cultures at various temperatures revealed that *S.platensis* has a wide range of temperature tolerance from 20°C to 40°C. Cultures at 20°C and 40°C did not show exponential growth, which proved that extreme temperatures did not support the growth of *S.platensis* ([Fig. 1](#fig1){ref-type="fig"}). But at 45°C temperature, the absence of growth was observed with the disappearance of pigmentation. Growth rate of *S.platensis* increased with increase in temperature and was found maximum at temperature 35°C. Increased growth rate of *S.platensis* was due to decrease in doubling time. Later it drops with further increase in temperature due to decrease in chlorophyll and other pigments. Similar observations were also reported by many other workers, Ranjitha and Kaushik ([@b17]) reported that the highest biomass in *Nostoc muscorum* was obtained at 30°C and 35°C. According to Richmond ([@b18]), from observations of different strains of *Spirulina*, the optimal growth temperature was between 35°C and 37°C with 40°C being definitely injurious. In addition, Ronda and Lele ([@b19]) and Ogawa et al. ([@b13]) reported similar observations for optimum temperature of *S.platensis*. Earlier reports of Srivastava ([@b22]), Bajaj ([@b1]) and Singh and Srivastava ([@b21]) confirm these observations. Temperature is the most fundamental factor for all living organisms as it affects metabolic processes and biochemical composition of cells. The optimal growth temperature and tolerance to the extreme values usually vary from strain to strain.

Chlorophyll a, carotenoid and phycobiliprotein were also found maximum in cultures growing at temperature 35 ^°^C. PC/Chl. a value indicates that depending on extent of temperature there was decrease in PC accumulation. This decrease in the PC could be due to the bleaching of PBP. In the present study, optimum temperature for phycobiliprotein was 35°C ([Table 1](#table1){ref-type="table"}). Other workers have reported 37 °C as optimum for *Arthronema africanum* ([@b4]), 36°C for *Synechococcus* ([@b20]) and 25°C for red algae *Audoinella pygmaea*, *Batrachospermum delicatulum* and *Comsopogon coureuleus* ([@b27]).

The growth rate, biomass production and biopigment accumulation of *S.platensis* at different experimental irradiances showed 2,000 lux as the optimum light intensity. Further increase in light intensity shows reduction in growth due to drop in chlorophyll a synthesis. But the carotenoid/chlorophyll value shows the maximum accumulation of carotenoid at 3,500 lux light intensity. Improvement in the carotenoid content by increasing the light intensity is an adaptive mechanism by the organism for photoprotection. *S.platensis* was also reported to display increased carotenoid levels under strong illumination by Liu ([@b11]) and in astaxanthin-accumulating algae *Haematococcus pluvialis* by Kobayashi *et al*. ([@b10]). PBP also show decreased value with increase in light irradiance. It has been suggested that cyanobacteria prefer low light intensities and stimulate phycobiliprotein synthesis ([@b8]) because of their low specific maintenance energy rate and their pigment composition ([@b12]). Not only this, low irradiances actually broadens the overall light absorption band in such a way that the balance of light energy distribution between the two photo systems is maintained this optimizes the rate of light energy conversion ([@b25]).

On the basis of our findings we concluded that the maximum biomass production with high pigment contents in *S.platensis* were shown by cultures receiving 35°C temperature and 2,000 lux light intensity. *S.platensis* has a wide range of temperature tolerance from 20°C to 40°C with different growth rates. High light intensity also helps in improvement of carotenoid level in *S.platensis* for photoprotection which could be a good basis for the exploitation of *S.platensis* as a source of biopigments.
